Sugar beets (Beta vulgaris L) infected with the Beet Yellows Virus exhibit lower rates of net photosynthesis at light saturation than do healthy plants. These Pn reductions were correlated with increases in leaf resistance to water vapor loss. Theoretical analyses demonstrated that, although the leaf resistance to water vapor loss increases could account for a major part of the net photosynthesis decreases, some other aspect of leaf functioning also was debilitated by infection. Both the levels and the activities of ribulose-l, 5-diP carboxylase were less on a leaf area basis in extracts from infected leaves than from healthy ones. Soluble carbohydrates accumulate in Beet Yellows Virus-infected leaves, but inhibiting translocation in several ways provided no evidence in support of the hypothesis that the accumulation of photosynthates in leaves has a direct, short term, feed-back effect upon the photosynthetic rate.
Sugar beets (Beta vulgaris L.) exhibit reductions in net photosynthesis at light saturation when infected with the Beet Yellows Virus (6) . The physiological explanation for this Pn8 reduction has practical significance in that (a) it might be useful in selecting genotypes for tolerance to the virus (4), and (b) it may also provide an evaluation of the physical and biochemical factors that control net photosynthesis at light saturation in healthy plants. It has already been shown that differences in photorespiration (estimated from the inhibition by oxygen of CO2 uptake in normal air) and differences in respiration (estimated from rates of CO2 evolution in the dark) could not account for the reduction in infected leaf Pn (6) . There are indications that the physical resistance to the entry of CO2 into the leaf may be greater in infected plants PAR: photosynthetically active radiation. (6, 21) , and it has also been reported that soluble and insoluble carbohydrates accumulate to high levels in leaves of BYVinfected sugar beets (18, 23) . Thus, it was possible that the frequently postulated feed-back effect of photosynthate accumulation in leaves on photosynthesis might also be present.
No unequivocal, direct evidence has been reported which supports this postulate (15) , yet it is a potentially important aspect of plant functioning. If a feed-back mechanism of this type does exist, then photosynthetic rates may reflect translocation capacity, growth, and sink activity, as well as climatic factors and the inherent photosynthetic capabilities of both chloroplast and leaf.
MATERIALS AND METHODS
A uniform hybrid of Beta vulgaris L. (MS NB1 X NB4) was grown in pots in a mixture of peat moss and sand in different environments. The plants were thinned for uniformity to one plant per pot, and half the plants were inoculated with the Brawley strain of BYV supplied by C. W. Bennett, United States Department of Agriculture, Salinas, California. Four plant replicates were used in most of the treatments. In experiments I and II, the plants were grown outside at Davis, California during the summer in a warm environment with intense radiation. In experiments III and IV, the plants were grown in a growth chamber with a radiation intensity 20% of the mid-day values in the previous experiments. The daylength was 16 hr and day/night temperatures were 23/18 C and 30/ 18 C in experiments III and IV, respectively. Further details on cultural techniques and virus inoculation are presented by Hall and Loomis (6) . Recently expanded leaves were used in all of the experiments.
Net Photosynthesis. A manual compensation gas exchange system was used to measure simultaneously the uptake of CO2 and release of water vapor by attached leaves subjected to controlled levels of irradiance, [CO2], [H20], [02] , and leaf temperature in a highly ventilated cuvette in the laboratory. The transducers used were an infrared gas analyzer for CO2 (Beckman Model 15A L/B with 33-cm sample cells); a dew-point hygrometer (Model 880, Cambridge Systems, Inc.); an oxygen electrode (Beckman Model 777); and 30-gauge copper constantan thermocouples for measuring leaf and air temperatures. The radiation source consisted of two 500-w quartz-iodine lamps in heat-filtered fixtures and four 300-w tungsten spot lamps. Thermal radiation was partially removed by a 6-cm water filter which also contained a frosted glass diffuser. Details concerning the gas mixing, control, and measurement system, and the leaf cuvette have been described previously (4, 6) .
Leaf Resistances. Total diffusive resistances to the release of water vapor from leaves (r,) were obtained from data on 576 transpiration, absolute humidity external to the leaf, and leaf temperature by the method of Gaastra (2) . Boundary layer resistances (r,), determined with moist blotting paper, were found to be reasonably constant with a value of 0.25 sec cm-' for blotters varying in projected area from 2 to 3 dm2. The boundary layer resistance to CO. (r,') was obtained by multiplying r. by 1.37 which corrects both for the differences in diffusivity between CO2 and H.O, and for the fact that gaseous flow through the boundary layer is only partially diffusive in nature (20) . Leaf resistance to the flux of H,O (r,) was obtained by subtracting ra from r,; leaf resistance to the flux of CO2 (ri') was obtained by multiplying r, by 1.61, which assumes that gaseous flow through stomata is wholly diffusive. Cuticular resistances were greater than 20 sec cm-', and sugar beet leaves are quite isolateral in stomatal distribution; therefore, r1 should be a reasonable estimate of stomatal resistance (4) .
Viscous resistance to gaseous flow through leaves was also determined. This method is more direct than other methods based upon transpiration, but it is less quantitative with respect to gas exchange by plants because the flow regime and pathway are not natural. A constant pressure mass flow porometer was used similar to that of Spanner and Heath (17) . Disks were cut from leaves and floated on distilled deionized water in a controlled environment chamber at an irradiance of 4 X 10' erg sec-1 cm-2 (PAR, 400-700 nm), solution temperature of 29 C and [CO2] in the gas phase of about 320 tdl/l. Viscous resistance (r,) of the leaf disks was determined relative to the resistance of a standard glass capillary (r.).
Enzyme Determaons. Special care was needed to prevent enzyme inactivation during isolation due to the polyphenols and organic acids that are released when sugar beet leaves are homogenized. Cell-free extracts were prepared using a modification of a procedure developed by Huffaker (22) which involved using both a larger volume of isolation medium (X 20 volumes) and more solid PVP.
RudPCase was assayed at 28 C using the method of Kleinkopf, et al. (10) which follows the conversion of "4C in KH4C0O into acid-stable products. Ribulose-1 ,5-diP, obtained from G. E. Kleinkopf who prepared it as described by Huffaker et al., (7) was used as a substrate. PEPCase was assayed by the procedure used for RudPCase except that 0.5 jumole of phosphoenolpyruvate was used as a substrate.
Total extractable protein and RudPCase protein were measured. Samples of 0.5 g fresh weight with known leaf area were homogenized by mortar and pestle in 10 ml of 0.2 M tris-SO, buffer, pH 8.0, in the presence of 300 mg of solid PVP. Soluble PVP could not be used in the isolation medium, because it interfered with protein determinations. The homogenate was centrifuged for 10 min at 30,000g, and the supernatant was diluted 2-fold. All procedures from leaf detachment to this point were conducted at 1 to 3 C. Total protein was precipitated from 0.2 ml of the diluted supernatant with trichloroacetic acid (final concentration 5%), centrifuged at lOOOg for 30 min, resuspended in 0.2 N NaOH and assayed by the method of Lowry et al. (12) (4) . CO2 uptake at low oxygen concentrations may be more indicative of photosynthetic capabilities because photorespiration may be inhibited in these conditions (24) . Consequently, the responses of Pn to [CO2] were determined at 2% 02, saturating light, and 25 C. The Pn rates were substantially larger at low oxygen with both reductions in the CO2 compensation point and increases in slope of the response curve; also, the absolute effects of infection upon Pn were greater (Figs. 3 and 4) . Absolute values for oxygen inhibition of Pn in normal air were positively correlated with Pn (4). This relationship is consistent with the model for oxygen inhibition of Pn described by Hall (5) . It has already been reported that differences in both photorespiration and respiration are probably not responsible for the differences in Pn (6).
Leaf ( Fig. 5) (Table III) . RudPCase activities were also determined in experiment IV. In this case, the enzyme was unstable in cell-free extracts and variability was high. Following a suggestion by Neales and Incoll (15) , an attempt was made to impede translocation and cause carbohydrate accumulations in the leaf by cooling the petiole of the leaf in the cuvette. Cooling was accomplished by pumping ice water through a water-jacket enclosing a 3 cm length of petiole. The cold water was in contact with the petiole, and on leaving the water jacket it had a temperature of 1 C. Light-saturated Pn at 232 pd/l CO. increased slowly, and r, decreased slowly over a 5-hr period after the commencement of petiole cooling. The maximum increase in Pn was 5% over an initial value of 1.39 nmole CO. cm-' sec-1 at which time r,' had decreased 16% from a value of 1.64 sec cm-'. When the water jacket was removed, no effects on Pn or r, were observed during a 30-min period, after which the experiment was concluded. Similar responses were observed with both healthy and infected plants.
It was considered that root cooling may reduce translocation more drastically (3, 19) . Roots were cooled by passing ice water through the pots. After 1.5 hr of this treatment, the leaves outside the cuvette wilted; but no changes in Pn or r, were observed for the leaf in the cuvette, where the water vapor gradient between the inside of the leaf and the external air was less than 4 mg H,O per liter. The only change observed for a period of 40 min after the remainder of the leaves had wilted was a small decrease of 4% in Pn with the infected leaf. When the root zone was warmed and aerated no changes were observed in Pn or r, with either infected or healthy leaves but the leaves outside the cuvette regained their turgidity.
DISCUSSION
Leaf resistances to gaseous diffusion were larger in infected leaves in all of the experiments (Table II) . More direct measurements of leaf resistance, made with a constant pressure mass flow porometer, confirmed these findings; stomatal frequencies were only slightly reduced by infection (Table I) . Calculations based upon the equations of Milthorpe and Penman (14) predicted that the changes in stomatal frequency could only account for 16% of the difference in r, between healthy and infected leaves. Thus the differences in r. were probably due to differences in stomatal aperture. The larger leaf resistances of infected plants were not due to water stress. The measurements of diffusive resistances were obtained at high humidities with well watered plants and viscous resistances were obtained with leaf disks which had been equilibrated with pure water. Hull (8) reported that BYV-infected sugar beets used less water than healthy beets even after the rates had been adjusted for the reduced leaf area of infected plants.
Mean leaf resistances and Pn values obtained at light saturation, 300 All/l CO. and 21% 0. in the four experiments, were negatively correlated (Fig. 6) . The extent to which the r, increases could account for the decreases in Pn was estimated. The total resistance to the transport and fixation of CO, (or') was calculated from the curves relating Pn to the [CO.] outside the leaf at 21% 0. (Figs. 1, 2 ) (4) and 2% 0, (Figs. 3,   4 ) (4). Mr' is the inverse of the initial slope of the curve. The curves, rectangular hyperbolae, were fitted to the data by least squares regression. Leaf resistances to CO. were calculated from water vapor exchange data obtained concurrently. The residual resistance to CO, uptake (Xr' -rt') was obtained by subtracting ra' and r,' from the total resistance to CO transport and fixation. Residual resistances were greater in infected leaves (Table II) and negatively correlated with Pn at 21% and 2% 0, (Fig. 6 ), but the differences in r,' between healthy and infected leaves were much larger (except for experiment III) than the differences in Er' -rt'. This suggests that BYVinfection has an effect upon CO2 uptake other than that caused by reduced stomatal aperture, but the latter effect was quantitatively the more important. Theoretical studies by Hall (5) predict that only a small part of the residual resistance is physical. The physical component relates to the transport of CO in the liquid phase from the evaporating surfaces of the cell walls inside the leaf to the symplast. The value calculated for this wall resistance in sugar beets was 0.1 to 0.2 sec cm-'. Only very drastic changes in leaf anatomy would have a susbtantial effect upon Mr'. Hall also predicted that the major portion of the residual resistance as measured in low [0,1 is related inversely to the RudPCase activity on a leaf area basis, and he pointed out that the data of Medina (13) activities of RudPCase were reduced 26% and 2.5% in experiments II and IV, and the inverse of the nonphysical component of the residual resistance at 2% 02 was reduced 22% and 3.5% by infection in the same experiments. Thus, these data also support the hypothesis concerning the role of RudPCase activity in limiting light-saturated net photosynthesis and the quantitative nature of this relationship. The similarity between the differences in the levels and activities of RudPCase suggest that the reduced activity in cell-free extracts from infected leaves was not an artifact of isolation. It is possible that the reduced levels of RudPCase may account for the component of the difference in light-saturated Pn which could not be accounted for by differences in diffusive resistances.
Tests of the alternate hypothesis, that the Pn reductions may be due to carbohydrate accumulation in infected leaves, produced negative results. The carbohydrate accumulation in the leaf, which may be caused by petiole cooling, can be calculated from measured rates of net photosynthesis and the initial inhibitions of translocation which other workers have obtained with the same system and species (1, 19) . The value obtained for carbohydrate accumulation of 0.15 mg cm-2 leaf area is of the same order of magnitude as the increase in carbohydrate levels which resulted from infection in the environment of experiment I. Levels of reducing sugars, sucrose, and starch were increased 0.19, 0.08, and 0.13 mg cm-2 leaf area, respectively, by infection. Petiole cooling, however, resulted in a 5% increase in Pn which could be accounted for by the 16% reduction in r,' observed. Thus, the data do not support the hypothesis that carbohydrate accumulations have short term, detrimental effects on photosynthesis. Recent studies by Coulson et al. (1) corroborate these findings with the observation that petiole cooling did not influence oxygen evolution by illuminated leaves although translocation from leaves was inhibited.
The only experiments where short term feed-back effects have been observed directly were those of King, et al. (9) with wheat. Their treatments, such as ear removal which resulted in Pn decreases, and shading of lower leaves which resulted in increased Pn by the flag leaf, also resulted in changes in ri which were inversely correlated with Pn. Thus, their results may be explained by indirect effects upon net photosynthesis caused by changes in stomatal aperture rather than by feed-back effects on metabolism. This analysis does not discount the possibilities that (a) photosynthate accumulation may have long term effects upon net photosynthesis such as those which may occur due to changes in protein synthesis and breakdown or (b) photosynthate accumulation may have short term, indirect effects upon net photosynthesis mediated via changes in stomatal opening, but unequivocal evidence is lacking for these postulates also.
